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 In the growing market of evolving electronic devices and the sustainable goals of the 
energy industry, better sources of energy dense storage devices are needed.  Carbon based 
supercapacitors have attracted the attention of research due to the natural properties of high 
electrical conductivity, chemical and electrochemical stability, and high surface area.  The object 
of this thesis is to expand upon current knowledge of reduced graphene oxide to better understand 
the effectiveness of the material as electrode in supercapacitors.  This thesis will focus on the 
physical orientation of supercapacitors to further develop a device that will allow a set of 
supercapacitors to release a steady flow of charge from the device.  Supercapacitors were tested 
individually, in series, and in parallel.  The goal is to eventually create a device that has the same, 
or more, voltage as a conventional battery that will discharge energy at a comparable rate while 





 Technology is rapidly evolving, aiming toward smaller and lighter electronic portable 
devices.  The life of these smaller, lighter, and subjectively better devices is constrained to current 
battery technology.  Batteries are like capacitors in the sense that they both store electrical energy, 
though by different means.  Capacitors can be charged and recharged rather quickly however 
batteries are currently used in most applications when a steady flow of charge is needed over a 
long period of time.  As technology and the energy industry continue to advance, more sustainable 
energy storage capabilities will be desired.  The ideal energy storage device would be a 
supercapacitor, also known as an electrochemical capacitor (EC), due to the high charge and 
discharge rates, power density, and the longer cycle life1.  Supercapacitors that could charge faster 
and last longer than conventional batteries would end up being larger than batteries, meaning they 
would take up more space and weigh more which is not a viable option1. 
 The main difference between conventional batteries and capacitors, is that capacitors have 
a high power density while batteries have a high energy density.  Energy density is the amount of 
electrical charge capable of being stored on a device while power density refers to how quickly 
stored energy is expelled from the device.  This means that capacitors charge and discharge 
quickly, providing a high amount of power over a short period of time.  For the application of a 
supercapacitor, it is important that the device can store an electrical charge to have a higher energy 
density.  Supercapacitors combine high power, high energy density, and low internal resistance 
properties to eventually replace batteries as more reliable and potentially safer sources of power 
for portable electronic devices. The electrochemical properties, material, and system orientation 
of supercapacitors must be optimized in order to achieve this goal.   
 Rather than the redox reactions used in batteries and energy cells, supercapacitors (SC) use 
an electrolyte to electrolyte interface, causing electrical double layers to be formed and released.2  
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This results in a parallel movement of electrons in the energy-delivery process.2  Supercapacitors 
use high-surface-area carbon in aqueous electrolytes.  The chemistry of the electrical double layer 
(EDL) works when the electrode of the SC is immersed in an electrolyte solution that is an ionic 
conductor.  A spontaneous organization of the charge at the surface of the electrode and in the 
electrolyte occurs.  These two charged layers then behave as a physical capacitor since the charges 
are separated on the order of molecule lengths.  The organization of the EDL has a time constant 
of approximately 10-8 s, compared to 10-2-10-4 s of redox reactions, and has a capability to respond 
to potential changes within that same time frame.  A major benefit to the EDL is its reversibility.  
The cycle life of a electrochemical double layer capacitor (EDLC) can exceed 1 million cycles 
while a battery can achieve this only at low depths of charge.  High-surface-area carbon makes an 
effective capacitor because it has a large wetted surface area from the electrolyte, a high electric 
conductivity, and chemical and electrochemical stabilitlites.2  Maximum cell operating voltage of 
a supercapacitor composed of two carbon electrodes with approximately the same mass in an 
aqueous electrolyte is reached when one of the electrodes reaches the stability limit of the 
electrolyte.  Electrolyte stability measures the ability of its components to resist oxidative and 
reductive composition3.   
 There have been demonstrations that have created a single system with batteries and 
supercapacitors working together to combine their best attributes.  Stefan Freunberger at TU Graz 
and researchers from Universite de Montpellier created this energy hybrid.  It uses a solid storage 
medium in the device to hold many ions like batteries do but allows them to be more mobile as 
like in supercapacitors since the organic salt tested is liquid just above room temperature4.  
Freunberger and colleagues research aims to provide a system that offers constant energy supply 
with high-power output to be applied to energy storage systems used in electric vehicles.     
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 Transitioning from the chemistry to the physical properties of supercapacitors, the 
capacitance of a system of supercapacitors is dependent on how they are orientated relative to each 
other.  The capacitance of two or more capacitors connected in parallel is the sum of the individual 
capacitance.  The total charge stored between the capacitors is split between the capacitors, and 
will vary depending on the capacitances of each.  The voltage across both capacitors must be the 
same.   This relationship can be displayed with Equation 1. 









     (1) 
However, the reciprocal of the capacitance of two or more capacitors connected in series is the 
equal to the sum of the reciprocals of the individual capacitors.  The total voltage drop is additive 
and not necessarily equal while the stored charge on both capacitors is the same.  This relationship 









       (2) 
Through the right combination of a system of supercapacitors in series and parallel, a device may 
be able to be designed that can hold the same voltage potential vas a conventional battery while 
being able to charge fast and discharge at a comparable rate.   
 
Research Purpose 
 The purpose of this thesis is to evaluate the response of supercapacitors in different 
physical orientations to accumulate an energy density compared to batteries while retaining a high 




3. EXPERIMENTAL SETUP 
Fabrication of Supercapacitor Electrodes 
 Graphene Oxide (GO) sheets dispersed in distilled water was purchased from Graphenea 
with a concentration of 4 mg/mL.  The GO solution contains 49-56% carbon, 0-1% hydrogen, 0-
1% nitrogen, 2-4% sulfur, 41-50% oxygen.  This element analysis was based on Graphenea’s 
preparation of 2g of 4wt% GO in water dried under a vacuum at 60°C overnight. The presence of 
sulfur in the solution is due to graphite being treated with oxidizers such as sulfuric acid.  Stainless 
steel spacers were cleaned in acetone and rinsed in deionized water.  After being dried each spacer 
was weighed.  Four drops of the 4mg/mL graphene oxide dispersion were place on a spacer. 
Spacers were placed in petri dishes and heated at 70°C for 12 hours to dehydrate the solution, 
leaving only the graphene oxide in a film on the spacers.  The spacers with the graphene oxide 
film on them were then placed in aluminum pans and heated at 240°F for 24 hours to reduce the 
graphene oxide into reduced graphene oxide (rGO).    
Fabricating the Electrolyte 
 Potassium hydroxide is used commonly as the electrolyte in supercapacitors, thus was used 
in this experiment.  A 2M solution of KOH was made by slowly mixing 20.0196g of 85% KOH 
pellets in 100mL of deionized water.  The solution was mixed at 600rpm for five minutes.  90mL 
of the solution were saved and the remaining solution was diluted and discarded appropriately.     
Assembly of the Supercapacitor 
 Just prior to the assembly of the supercapacitor cells, the electrodes were weighed to 
calculated the amount of rGO on the spacer compared to the spacer itself.  The supercapacitor was 
assembled in a coin cell case that had an O-ring.  A stainless steel spring, or Belleville washer, 
was placed in the bottom piece of the cell case with its concavity opening upward.  An extra 
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stainless steel spacer, was cleaned in acetone and DI water, and was then placed on top of the 
spring.  All of the cell components, besides the electrolyte was purchased from MTI Corporation.  
One of the prepared rGO coated spacers, used as the electrode, was placed on top of the extra space 
with the electrode facing up.  Five drops of 2M potassium hydroxide (KOH) were then placed on 
the electrode to act as the electrolyte.  A piece of Celgard separator was cut wide enough to extend 
past the cell case and then laid on top of the electrolyte to act as the insulator.  Shorting inside of 
the capacitor could occur if any tears were in the Celgard or the Celgard did not extend past the 
cell case completely.  The Celgard used was purchased from MTI Corporations and was 25µm 
thick with a puncture strength of 380g.  The Celgard had a porosity of 39%.   The following steps 
were taken to mirror the other half of the supercapacitor.  Five more drops of the 2M KOH were 
placed on top of the Celgard and another prepared rGO electrode was placed, electrode facing 
down on the electrolyte.  Figure 1 displays the construction of the supercapacitor.   
 Figure 1 
The case was sealed by placing the top on, compressing all the pieces together under the 
provided laboratory press.   The two electrodes coated spacers for each capacitor were 
approximately the same weight as the other.  Supercapacitor cells were then placed in coin cell 
Cell case top 
Cell case bottom 
Spacer with electrode 








batty holders to be tested.  See Figures in Appendix A for step by step visuals of the fabrication of 
individual supercapacitor cells.   
During the process of optimizing the construction of the supercapacitor, a few different 
structures were tested.  Initially the constructed cells did not have the extra blank spacer but rather 
an extra spring with the outer diameter of the springs touching each other.  This made the cell very 
packed and did not fit the battery cell holder used for testing.  The 2M KOH was used for the 
aqueous electrolyte due to its high ionic conductivity and OH- mobility5.  The concentration could 
be raised to increase the number of ions available.  Other experiments pertaining to 





Testing the Supercapacitors 
 The supercapacitors constructed were tested on the potentiostat, Gamry Reference 600, 
provided by Dr. Ryan Tian’s research laboratory. Cyclic Charge-Discharge software was used.  
Supercapacitors were tested individually to quantify their capacitance, then in series and parallel.  
See Figures 2 and 3 to display the system orientation. All electrodes were charge at 0.25 A/g and 
discharged at 0.025 A/g.  The different charge and discharge rates were determined during the 
optimization phase of testing.  The discharge rate was set to a much slower rate so that the nature 
of the discharge could be observed.  Figure 2 and 3 display how the series and parallel systems 






 When testing the supercapacitors, the maximum allowable voltage was set to values 
between 3-5 V.  A higher voltage was used in each case initially to see at what value the capacity 
the cell leveled off at the 0.25 A/g charge current applied.  Once the actual maximum allowable 
was found, the supercapacitor was retested with that value.  The tests ran through 10 cycles of 
charging and discharging the supercapacitor and saved the sixth cycle for data analysis.  The sixth 
cycle was kept from each test so that data was more reliable with the capacitor being broken-in.   
 In Figure 4 and 5, the charge and discharge of cycle 6 of each of the supercapacitors 
orientations tested is displayed.  Figure 4 and 5 displays how much more voltage the series system 
could hold versus the parallel system and individual supercapacitors.  Figure 4 compares the power 
(W/kg) and energy (W-h/kg) of the individual supercapacitors and the series and parallel systems.  
The series system has the highest combination of power and energy capabilities.  Series orientation 
could withstand higher voltage charges, but discharged quicker than the parallel orientation despite 
the 0.025 A/g discharge rate set to both systems.   
 When viewing Figure 4 and 5, the leakage of the devices can be viewed by the sudden drop 
in voltage as the cycle changed from charging to discharging.  In Figure 5, it can be seen that the 
voltage for the series system dropped from 2.75V to 1.674V and 1.20V to 0.54V for the parallel 
system.  This will be an issue with respect of the development of more energy dense storage 
capabilities. The rapid leakage or discharge of capacity is not wanted.   
 The theoretical capacitance of the series and parallel systems were calculated based on the 
experimental values of capacitance of the two cells, seen in Table 3.  The parallel system had more 
capacitance than the series system experimentally but did not display as much as it could.  This 



























Supercapacitors 2-2 and 3-1

















































Energy And Power Comparison
Cell 2-2
Cell 3-1
2-2 & 3-1 Series





































2-2 cell 0.0007 0.67 12.4983 35.6817 0.000175 
3-1 cell 0.0012 0.80 7.23 33.76 0.0003 
2-2 & 3-1 series 0.0019 2.75 19.50 21.69 0.000475 
2-2 & 3-1 
parallel 







2-2 cell 0.290759063 29.33528 
3-1 cell 0.200840551 21.41874 
2-2 & 3-1 series 1.86124137 308.9439 










2-2 cell 4.663544776  
3-1 cell 2.260337641  
2-2 & 3-1 series 1.773120783 1.522438592 
2-2 & 3-1 parallel 1.951590312 6.923882417 
 
Calculations 





Where C is the capacitance per weight of electrode material (F/g), V is maximum 
charge voltage (V), and the conversion of 1000/3600 is to convert from grams to 
kilograms and to convert from seconds to hours. 
 
• Power (W/kg): 




Where C is the capacitance per weight of electrode material (F/g), V is maximum 
charge voltage (V), ∆𝑡is the discharge time (s), and the conversion of 1000 is to convert 





In summary, it was found that the power capacity was greater for both series and parallel 
orientations compared to individual cells with values of 308.9 W/kg for series, 77.99 W/kg for 
parallel, compared to 29.34 W/kg and 21.42 W/kg of the individual cells.  The highest energy 
dense orientation was series, at 1.861 W-h/kg compared to 0.3900 W-h/kg, 0.2008 W-h/kg, 0.2908 
W-h/kg of parallel, supercapacitor 2-2, and supercapacitor 3-1, respectively.  These are promising 
results for reduced graphene oxide electrode based supercapacitors in the further development of 





6. FUTURE RESEARCH 
In future experimentation, it is recommended to construct and test the electrodes synthesized 
as soon as possible to lessen the amount of moisture and other contaminants absorbed in the 
system.  The thickness of the electrode still needs to be optimized, which would be determined by 
the number of drops and size of those drops deposited on the spacers.  Retest individual and small 
systems, but more accurately calculate the voltage limit of the supercapacitors.  A system of several 
capacitor strings in series connected in parallel would be an orientation worth investigating based 
on the results of a higher voltage limit of series but slightly longer discharge of parallel.  A future 
model to test can be seen in Figure 8.  Once more testing and modeling is done, developing a 
microscale system would be in one’s best interest to further develop the model.  Testing leakage 
currents, by holding the device at a constant voltage and evaluating the change in current, would 





This research focused the responses on the most basic rGO based electrodes, using only 
rGO rather than selecting a conductive polymer or metal oxide to deposit on the surface.  This was 
done in order to eliminate any doubts of individual concepts in the design.  To get a more realistic 
industry relevant design, the doping of the rGO electrode and a more effective reduction process 
to fabricate the rGO would be necessary.  Chemical reduction of graphene oxide is the most 
suitable mass production7.   Further research should also include depositing a conductive polymer 
or metal oxide for better capacitance.  Iron (II, III) oxide has been used in previous rGO electrodes 
to better capacitance9.   
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7. APPENDIX A – FIGURES 
 
Figure 1:  rGO electrodes used for supercapacitors 3-2 and 3-3 
 






Figure 3 & 4:  Bottom of button cell, looking in (left) and Spring position, concaving up (right) 
 
 































8. APPENDIX B – CHARTS & GRAPHS 
 
 
























































Graph 6:  Charge and Discharge of Supercapacitors 2-2 and 3-1 in Series 
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